Abstract. The objective of the present study was to evaluate mechanistic pharmacokinetic models describing active renal secretion and reabsorption over a range of Michaelis-Menten parameter estimates and doses. Plasma concentration and urinary excretion profiles were simulated and renal clearance (CL r ) was calculated for two pharmacokinetic models describing active renal reabsorption (R1/ R2), two models describing active secretion (S1/S2), and a model containing both processes. A range of doses (1-1,000 mg/kg) was evaluated, and V max and K m parameter estimates were varied over a 100-fold range. Similar CL r values were predicted for reabsorption models (R1/R2) with variations in V max and K m . Tubular secretion models (S1/S2) yielded similar relationships between Michaelis-Menten parameter perturbations and CL r , but the predicted CL r values were threefold higher for model S1. For both reabsorption and secretion models, the greatest changes in CL r were observed with perturbations in V max , suggesting the need for an accurate estimate of this parameter. When intrinsic clearance was substituted for Michaelis-Menten parameters, it failed to predict similar CL r values even within the linear range. For models S1 and S2, renal secretion was predominant at low doses, whereas renal clearance was driven by fraction unbound in plasma at high doses. Simulations demonstrated the importance of Michaelis-Menten parameter estimates (especially V max ) for determining CL r . K m estimates can easily be obtained directly from in vitro studies. However, additional scaling of in vitro V max estimates using in vitro/in vivo extrapolation methods are required to incorporate these parameters into pharmacokinetic models.
INTRODUCTION
The kidney represents a major clearance organ within the body and is involved in the elimination of therapeutic agents, toxins, and endogenous metabolites. Renal excretion involves four distinct processes: (1) glomerular filtration; (2) active tubular secretion; (3) active reabsorption; and (4) passive reabsorption. The extent to which a compound is filtered at the glomerulus is dependent on the molecular size and protein binding. Active tubular secretion and reabsorption are transporter-mediated processes typically occurring within the proximal tubule of the kidney. The involvement of active transport processes will be dependent on the compound's affinity for the wide range of transporters expressed in the kidney and, as such, has the potential to lead to drug-drug interactions. Passive reabsorption is a nonsaturable process that occurs along a concentration gradient and is dependent on the lipid solubility and pK a of the compound and the pH and flow rate of urine. While not all of these processes are involved in the renal clearance of every compound, it is important to understand the interaction between these processes to allow for predictions of renal clearance.
Active renal reabsorption and tubular secretion occur in the proximal tubules of the kidney and are mediated by a number of specific anion and cation transporters expressed at the apical and basolateral membranes of proximal tubular cells. Nutrient and peptide transporters (e.g., MCTs, SMCTs, PEPT1, SGLT2) (1) (2) (3) (4) are involved in the active reabsorption of endogenous compounds; however, these transporters may also be involved in the transport of therapeutic agents, such as γ-hydroxybutyric acid and β-lactam antibiotics (3, 5) . Transporters involved in tubular secretion (e.g., OAT1/3, OCT2, OCTNs, MATE1) eliminate endogenous waste products and therapeutic agents (6) (7) (8) (9) (10) (11) . These transporters exhibit broad substrate specificity and may have a high capacity for transport of therapeutic agents.
Various approaches have been used in the literature to predict pharmacokinetic profiles from in vitro data, including allometry and in vitro/in vivo extrapolation (IVIVE). While both simple and modified allometric methods can accurately predict renal clearance involving glomerular filtration and passive reabsorption, these methods fail to accurately predict renal clearance when active transport processes are involved (12, 13) . Physiologically based IVIVE predictions have been successfully applied to the prediction of metabolic and biliary clearance and active tubular secretion (14, 15) ; however, they have not been applied for the prediction of active renal reabsorption. In vitro studies in kidney cell lines or in cell lines overexpressing a specific transporter can be used to generate kinetic data and Michaelis-Menten parameter estimates. The transport kinetic parameters (K m and V max ) can be combined with transporter expression data and incorporated into a mechanistic pharmacokinetic model of renal clearance for both tubular secretion and reabsorption to provide a priori predictions of the renal clearance of a compound and the potential for drug-drug interactions and toxicity.
In our evaluation, we used four published mechanistic models with varying degrees of complexity describing active renal reabsorption (16, 17) and active renal secretion (18, 19) . These mechanistic models include specific transport kinetic parameters that are driven by a physiologically relevant drug concentration (plasma/blood or tubular lumen) as opposed to evaluating renal clearance as a singular parameter. Both compartmental and more physiologically based models of active tubular secretion and reabsorption have been utilized in the literature. Two additional models of renal reabsorption have been described in the literature (20, 21) ; however, one model has limited applicability as it treats urine as a distribution compartment and the other utilizes plasma drug concentrations to drive renal reabsorption. Therefore, these models were excluded from the present analysis. In contrast to the compartmental models, the models developed for γ-hydroxybutyric acid and phenolsulfonphthalein (PSP) incorporate system-specific parameters, including renal blood flow, glomerular filtration rate (GFR), and urine flow which can be fixed (17) . A mechanistic model for passive renal reabsorption has been described in the literature (22) ; however, it was not evaluated in the present study. All of these models were developed for single chemical entities and their broader applicability in assessing the contribution of active renal secretion and reabsorption to the pharmacokinetics of additional compounds has yet to be evaluated over a range of parameter estimates. The development of a universally applicable mechanistic model is desirable to evaluate renal clearance across a range of compounds that are substrates for secretory or reabsorption transporters. In such a model, physiological system-specific parameters can be fixed, while drug-specific parameters can be incorporated, and therefore, the model could be utilized to make a priori predictions of renal clearance based on in vitro transporter kinetic parameters through IVIVE methodologies. The objective of the present study was to evaluate and compare previously published mechanistic pharmacokinetic models of active tubular secretion and reabsorption and to combine the models to determine a universal model to describe these processes. The models were evaluated over a range of Michaelis-Menten parameter estimates and doses to determine their impact on model outputs (plasma concentration and urinary excretion) and calculated pharmacokinetic parameters (renal clearance). Furthermore, effects of changes in fraction unbound in plasma (f u,p ) on renal clearance for secretion models were also evaluated over the range of doses and Michaelis-Menten parameter estimates.
METHODS

Structural Models
Four structural models of active renal reabsorption and tubular secretion (Fig. 1) were selected for analysis based on the available models within the literature (16) (17) (18) (19) . The differential equations for the structural models are listed in the supplemental data. Model R1 includes renal tubule and urine compartments separated by urine flow with active reabsorption from the renal tubules (16) . Model R2 represents a more physiological model of the kidney with renal blood flow, glomerular filtration from the kidney compartment, proximal and distal tubule compartments, and a urine compartment (17) . Model S1 is a one-compartment model with linear and saturable clearance processes described by glomerular filtration and active tubular secretion, as well as linear nonrenal clearance (18) . Model S2 is a mechanistic semiphysiological model, incorporating renal blood flow from the central compartment to the kidneys. Drug enters the tubular lumen by glomerular filtration and the remaining drug is available for active secretion into the tubular cells with subsequent excretion into the lumen (19) . Model S2 was extended to include active renal reabsorption from the tubular lumen to evaluate whether both process could be evaluated using the semiphysiological structural model. The secretion and reabsorption components of this model can be utilized depending on the specific compound being assessed. One basic assumption of all models evaluated is the compartmental drug concentration, the concentration that is present at the transporter and is available for transport. Although any input model could be employed, only intravenous bolus administration will be considered in the present study. In addition, distributional models were not considered to simplify the analysis. Compartmental or physiologically based distributional models could be combined with the renal clearance models.
Simulation Studies
Simulations of plasma concentrations and urinary excretion were conducted in Phoenix WinNonLin version 6.1 (Pharsight Corp., Mountain View, CA, USA) using the structural models detailed in the previous section. Profiles for active reabsorption models were simulated for 24 h and secretion models were simulated for 8 h to ensure the total amount of drug excreted in urine (A e,inf ) was obtained. Drug was administered as an intravenous bolus of 1-1,000 mg/kg (R1/R2, combined model) or 1-500 mg/kg (S1/S2). Nonrenal clearance (CL nr ) was fixed at 1 ml/min/kg for all models, so renal clearance was the primary elimination pathway. V max and K m values were varied over a 100-fold range to determine their impact on model outputs. Reabsorption model parameters are listed in Table I and are based on previous assessments of the active renal reabsorption of γ-hydroxybutyric acid in rats which is known to exhibit nonlinear renal clearance caused by saturation of active reabsorption. For the reabsorption models: K m was fixed at 0.5 mg/ml and V max was varied from 1 to 100 mg/min/kg; V max was fixed at 10 mg/min/kg and K m was varied from 0.05 to 5 mg/ ml. Secretion model parameters (Table I) are based on PSP in rats (19, 23) . The physiological parameters were scaled to rat from dog values listed in Russel et al. (19) and the first-order transfer rate of the drug from tubular cells to lumen was fixed to the dog value. The effect of changes in f u,p (from 0.01 to 1) of PSP on renal clearance (CL r ) was evaluated for models S1 and S2. For the secretion models: K m was fixed at 0.01 mg/ml and V max was varied from 0.025 to 2.5 mg/min/kg; V max was fixed at 0.5 mg/min/kg and K m was varied from 0.001 to 0.1 mg/kg. In addition, simulations were conducted using intrinsic transport clearance (Cl int ) for all models. For reabsorption, Cl int was varied from 2 to 200 ml/min/kg, and for secretion, Cl int was varied from 5 to 500 ml/min/kg. These values correspond to the ranges of Cl int obtained from the V max and K m values used.
Data Analysis
Area under the plasma concentration time curve (AUC) was calculated in Pheonix WinNonLin using the linear trapezoidal rule. Renal clearance (CL r ) was calculated by Parameter estimates are based on previous assessments of the renal reabsorption of γ-hydroxybutyric acid (17) (for models R1 and R2) and of the active secretion of PSP and physiological parameters were scaled to rat from dog (19) (for models S1 and S2) 
RESULTS
Active Tubular Reabsorption Models
Model R1 (Fig. 1a ) represents a compartmental model and model R2 (Fig. 1b) represents a semiphysiological model for evaluating the impact of transporter-mediated renal reabsorption on overall renal clearance. The impact of dose and Michaelis-Menten parameter estimates for both models are presented in Fig. 2 . The expectation for these reabsorption models is that renal clearance will increase with increasing dose as reabsorption becomes saturated and a greater amount of drug is excreted in urine. In addition, a high capacity for transport should result in no renal clearance as the drug is completely reabsorbed. Renal clearance demonstrated similar predicted values with variation in dose and K m or V max for both reabsorption models (Fig. 2a, b) . Renal clearance increased with increasing dose consistent with saturation of renal reabsorption. The greatest change in renal clearance was observed with perturbations in V max , suggesting that this parameter is critically important for determining renal excretion. Increases in V max resulted in decreases in renal clearance, with high V max values leading to Fig. 2 . Mesh plots evaluating the relationship between renal clearance (CL r ), dose, and MichaelisMenten parameters estimates (V max and K m ) or intrinsic reabsorption clearance (Cl int ) for active renal reabsorption models (R1 and R2). a V max was varied from 1 to 100 mg/min/kg, while K m was fixed at 0.5 mg/ml. b K m was varied from 0.05 to 5 mg/ml, while V max was fixed at 10 mg/min/kg. c Cl int was varied from 2 to 200 ml/min/kg which covers that same range as the Cl int calculated from V max and K m estimates. The color gradient ranges from blue (CL r equal to 0) to red (maximal CL r indicated by the y-axis) complete reabsorption of the drug (Fig. 2a) . In addition, decreased affinity (high K m value) led to increased renal clearance as drug concentrations in the tubular lumen fell below the K m value (Fig. 2b) . For all parameter perturbations, changes in renal clearance resulted in changes in the total amount of drug excreted in the urine with increased renal clearance resulting in an increased amount of drug excreted in urine (data not shown). Due to the observed nonlinear renal reabsorption and, therefore, renal clearance, there is a shift in the fraction eliminated by renal and nonrenal pathways. When V max is high, all drug is reabsorbed from the lumen; therefore, nonrenal clearance becomes the predominant elimination pathway. These results are consistent with observed data for changes in γ-hydroxybutyric acid renal clearance and total amount excreted in the urine when transporter-mediated reabsorption is inhibited in a competitive manner (increase in apparent K m ) (17) ; additionally, the estimated in vivo K m for γ-hydroxybutyric acid (0.46 mg/ml) (17) is close to the determined in vitro K m (0.48 mg/ml) (24).
In contrast, when Cl int was substituted for K m and V max in both models, the observed changes in renal clearance did not correspond to those obtained when K m and V max were used (Fig. 2c) , even with low doses in the expected linear range. When Cl int was perturbed, no dose-dependent changes in renal clearance were observed. When Cl int was high, similar predictions were obtained (compared to V max simulations) with complete reabsorption and CL r of 0. Cl int cannot be utilized to describe nonlinear processes and, therefore, should not be utilized in structural models of active renal reabsorption. Based on the simulation results, either model could be utilized for the prediction of renal reabsorption from in vitro transporter kinetic data; however, it is more advantageous to use the physiologically based model (R2) as system-specific parameters can be fixed and in vitro estimates of drug-specific properties (such as transport kinetic parameters) can be integrated for a range of species.
Active Tubular Secretion Models
Model S1 (Fig. 1c) represents the most simplistic mechanistic model of active secretion with glomerular filtration and active secretion from the central compartment (18) . Model S2 (Fig. 1d) (19) is a semiphysiological mechanistic model similar in structure to model R2, with compartments representing the tubular lumen and proximal tubule cells connected by blood and urine flows. The impact of dose and Michaelis-Menten parameter estimates for both models are presented in Fig. 3 . The basic assumption for these models is that renal clearance will always be greater than GFR × f u,p in the absence of passive reabsorption and that saturation of secretion will result in decreasing renal clearance. While the shape of the mesh plots when dose and Michaelis-Menten parameter estimates were perturbed is similar, the predicted renal clearance values are threefold higher for model S1 (Fig. 3) . These higher predictions are consistent with the structure of the model, with a higher concentration of drug (central compartment concentration) available for secretion, while in model S2, only drug that is not filtered at the glomerulus is available for secretion. As such, K m estimates from model S1 likely would not correlate with K m estimates obtained in vitro. In contrast to the reabsorption models, only minor dose-dependent effects on renal clearance were observed under these simulation conditions. However, alterations in filtration clearance due to protein binding may cause this relationship to be altered and the minimum renal clearance value will be reduced. At higher doses, renal clearance decreased to approximately GFR as a result of saturation of active secretion. Increasing V max had the greatest impact on renal clearance when a low dose was administered (Fig. 3a) . K m only influenced predicted renal clearance at low doses and low K m (Fig. 3b) values. As K m or dose increased, renal clearance decreased to approximately GFR. For all Michaelis-Menten parameter perturbations, no changes were observed in the total amount of drug excreted in the urine. The predicted total amount of drug excreted in the urine was dependent on dose, which is consistent with basic pharmacokinetic concepts. When Cl int was substituted for the Michaelis-Menten parameter estimates, the predicted renal clearance was not dose-dependent and increased to the same maximal renal clearance for all doses (Fig. 3c) . Utilizing this single parameter does not allow for the evaluation of nonlinear renal clearance resulting from transporter saturation and should not be incorporated into structural models of active secretion.
When protein binding was considered, CL r increased as the value of fraction unbound of PSP in plasma was increased for models S1 and S2 (Figs. 4 and 5) . For all doses, perturbations in V max estimates (Fig. 4) had a greater impact on predicted values of CL r compared with perturbation in K m estimates (Fig. 5) , as described previously. At the lowest dose (1 mg/kg) evaluated (Figs. 4a and 5a) , the contribution of renal secretion to total renal clearance was greater than that of GFR × f u,p ; however, as the dose was increased to 500 mg/kg (Figs. 4c and 5c), GFR × f u,p became the predominant determinant of CL r . Changes in the values of the Michaelis-Menten parameter estimates (V max and K m ) lead to substantial increases in the predicted CL r values at low doses, while at high doses, perturbations did not impact overall renal clearance. At high doses, renal secretion is saturated (renal concentrations ⋙ K m ) and CLr is determined by GFR × f u,p . At the low dose, model S1 predicted greater values of renal clearance compared with model S2, which was expected due to the structure of the two models. However, at the high dose, both models performed similarly, which indicated saturation of renal secretion. This observation can be attributed to ongoing glomerular filtration, which contributes predominantly to the renal clearance as renal secretion is saturated. Based on these results, model S2 is the more appropriate model for the prediction of renal secretion using physiological parameters and scaled in vitro transport kinetic data.
Combined Model
Model S2 was extended to include active renal reabsorption with saturable absorption from the tubular lumen into tubular cells, followed by secretion into the renal plasma compartment. A rapid first-order rate constant was utilized for secretion into the renal plasma compartment, so reabsorption from the lumen was the rate-limiting step. To evaluate a compound only undergoing reabsorption, the secretion parameters in the model were turned off. The model predictions following perturbations in dose and MichaelisMenten parameter estimates are detailed in Fig. 6 . Consistent with the results obtained using models R1 and R2, renal clearance increased with increasing dose at low V max values and high V max values resulted in renal clearance decreasing to 0 (Fig. 6a) . A similar relationship was also observed for changes in K m between the models R1/R2 and the combined model (Fig. 6b) . These results suggest that the combined model could be used to predict renal clearance for compounds undergoing both active secretion, reabsorption, and both processes.
DISCUSSION
Renal excretion is a major elimination pathway involved in the removal of a number of therapeutic agents from the body. Active renal reabsorption and tubular secretion are major processes determining the overall renal clearance of a compound; however, few mechanistic pharmacokinetic models have been developed to quantitatively describe these processes. Development of mechanistic models to describe active transport processes will allow for a priori predictions of renal clearance based on IVIVE of transport kinetic Fig. 3 . Mesh plots evaluating the relationship between renal clearance (CL r ), dose, and MichaelisMenten parameters estimates (V max and K m ) or intrinsic secretion clearance (Cl int ) for active tubular secretion models (S1 and S2). a V max was varied from 0.025 to 2.5 mg/min/kg, while K m was fixed at 0.01 mg/ml. b K m was varied from 0.001 to 0.1 mg/ml, while V max was fixed at 0.5 mg/min/ kg. c Cl int was varied from 5 to 500 ml/min/kg which covers that same range as the Cl int calculated from V max and K m estimates. The color gradient ranges from blue (CL r equal to GFR) to red (maximal CL r indicated by the y-axis) parameters, as well as predictions of the potential for clinically significant drug-drug interactions. The present study is the first comparative analysis of published models of active renal reabsorption and tubular secretion aimed at determining the drug-specific parameters required to accurately predict renal clearance. Based on the results of the present study, physiologically based models incorporating both active reabsorption and secretion well described renal clearance. In addition, these models require only a few drug-specific kinetic parameters that can be obtain from in vitro studies, while the remaining system-specific parameters can be fixed to literature values. The present study evaluated a wide range of doses and transporter kinetic parameters; however, future studies are required to validate the combined model using pharmacokinetic data from a number of compounds with different extents of active renal reabsorption and tubular secretion, as well as in vitro transport kinetic parameter estimates.
In the present study, perturbations in both K m and V max resulted in changes in renal clearance determined in both secretion and reabsorption models; however, the greatest changes were observed with alterations in V max (Figs. 2a, 3a , Fig. 4 . Mesh plots evaluating the relationship between renal clearance (CL r ), f u,p , and V max for models S1 and S2, where V max was varied from 0.025 to 2.5 mg/min/kg, f u,p was varied from 0.01 to 1, and K m was fixed at 0.01 mg/ml. a 1 mg/kg dose, b 100 mg/kg dose, and c 500 mg/kg dose. The color gradient ranges from blue (CL r equal to GFR × f u,p ) to red (maximal CL r indicated by the yaxis) 4 , and 6a). Changes in renal clearance were also observed when an intrinsic secretion or reabsorption clearance term was used, but they did not correspond to the predictions obtained with the individual Michaelis-Menten parameters even within the linear range of transport. This suggests that use of intrinsic clearance to predict active renal reabsorption and tubular secretion may result in mispredictions as the extent of reabsorption/secretion is highly dependent on the capacity for drug transport. Furthermore, these findings suggest that good initial estimates of the Michaelis-Menten parameters are needed to accurately predict a drug's renal clearance. The Michaelis-Menten parameters for renal transport can be estimated based on in vitro or in vivo data. Both K m and V max parameters may be estimated from in vitro cell uptake studies. While K m values can be translated directly to an in vivo model, V max estimates may not be accurate in renal cell lines or transfected cells lines as they are dependent on the relationship between protein expression of the transporter in the cell line and kidney tissue. As such, IVIVE scalars relating protein or mRNA expression between in vitro and in vivo systems are necessary to determine accurate scalars for V max (25) . Ideally, the generation of IVIVE scalars can be Fig. 5 . Mesh plots evaluating the relationship between renal clearance (CL r ), f u,p , and K m for models S1 and S2, where K m was varied from 0.001 to 0.1 mg/ml, f u,p was varied from 0.01 to 1, and V max was fixed at 0.5 mg/min/kg. a 1 mg/kg dose, b 100 mg/kg dose, and c 500 mg/kg dose. The color gradient ranges from blue (CL r equal to GFR × f u,p ) to red (maximal CL r indicated by the y-axis) achieved by determining the absolute or relative transporter expression through quantification of protein expression in cell lines and kidney samples; however, information regarding protein expression in rat and human kidney samples is lacking (26, 27) . In order to improve predictions, an understanding of the population variability in expression is necessary, requiring the quantitative analysis of a large pool of human kidney samples, with concurrent analysis of cell culture samples from which in vitro kinetic parameters have been generated. Analysis of mRNA expression could also be used to determine scalars that are specific to the laboratory in which they were generated. Currently, mRNA transporter expression data is only available in rodent kidney; there is not sufficient literature data to obtain these scalars for renal drug transport. An additional hurdle is the interlaboratory variability in cell lines and tissues utilized necessitating the generation of laboratory-specific scalars. V max estimates may also be influenced by the existence of polymorphic variants of individual transporters (28, 29) and, therefore, will be important to characterize the variants present in tissue and cell lines.
The effects of changes in fraction unbound in plasma on renal clearance for secretion models over the range of doses and Michaelis-Menten parameter estimates were also evaluated. At low doses (Figs. 4a and 5a) , renal clearance was determined by changes in V max and K m , and at high doses, renal clearance was dependent on GFR × f u,p . These relationships confirm the need to incorporate in vitro or in vivo estimates of f u,p especially when doses and, therefore, drug concentrations greatly exceed the K m for renal secretion.
One limitation of the present models is that they exclusively consider glomerular filtration and active reabsorption and tubular secretion. The combined model incorporating active reabsorption and secretion can be further expanded to include additional factors influencing renal clearance including passive reabsorption. System-specific parameters, such GFR and urine and blood flow, may be altered to reflect changes that occur in various disease states or with drug treatment, therefore determining their impact on renal clearance and other model outputs. Additional drug-specific parameters can also be incorporated. A large number of drugs undergo passive reabsorption or have a combination of many of these processes contributing to their observed urinary excretion profiles and total renal clearance. Passive reabsorption may be predicted based on the physicochemical properties of a compound (30) . Additionally, physiologically based pharmacokinetic models of passive reabsorption have been proposed in the literature (22, 31) . The influence of a compounds' ionization state within the tubular lumen could also be incorporated with total drug available for active reabsorption and unionized drug available for passive reabsorption. These factors could be added to the combined physiological model presented here to establish a universal mechanistic model of renal clearance that would be widely applicable for the prediction of total renal clearance and the potential for drug-drug interactions. These models should be further evaluated with respect to the dependence on physiological factors, such as renal plasma flow, pH dependence, and the expression of specific drug transporters in the kidney.
CONCLUSIONS
In the present study, we evaluated four mechanistic pharmacokinetic models describing active renal reabsorption or tubular secretion and a model incorporating both processes. Simulations demonstrated the importance of MichaelisMenten parameters, especially V max , for the prediction of renal clearance, while the incorporation of Cl int resulted in underestimation of renal clearance under the conditions evaluated. The applicability of the combined model should be validated using a range of compounds with variable transport. In vitro studies should be conducted with compounds which undergo only secretion or reabsorption to enable estimation of Michaelis-Menten parameters for active reabsorption and tubular secretion. Furthermore, in vitro Fig. 6 . Mesh plots evaluating the relationship between renal clearance (CL r ), dose, and Michaelis-Menten parameter estimates (V max and K m ) for model S2 with reabsorption parameters added. For these scenarios, the secretion parameters were turned off. a Reabsorption V max was varied from 1 to 100 mg/min/kg, while K m was fixed at 0.5 mg/ml. b Reabsorption K m was varied from 0.05 to 5 mg/ml, while V max was fixed at 10 mg/min/kg. The color gradient ranges from blue (CL r equal to 0) to red (maximal CL r indicated by the y-axis) transport studies and evaluations of transporter expression should be undertaken to allow for a priori predictions of renal clearance for a range of compounds.
